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Presenter Notes
Presentation Notes
When I talk about impedance for implanted electrodes, what am I referring to?
I want to start with a practical example: our neuromusculoskeletal prosthesis
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Ortiz-Catalan et al., NEJM, 2020

Nerve cuffs

Intramuscular and epimysial
electrodes

Abutment
(electrical ground)
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Ortiz-Catalan et al., NEJM, 2020

Measuring impedance:
Stimulate channel with known 

current

Measure voltage between 
channel and abutment

𝒁𝒁 = 𝑽𝑽
𝑰𝑰

Presenter Notes
Presentation Notes
When we want to determine tissue impedance, we do so by sending a known current through a channel, and measuring the voltage difference

Brief note: steady-state amplitude of sinusoidal current
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Ortiz-Catalan et al., NEJM, 2020

Presenter Notes
Presentation Notes
Used to quantify system stability
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This method cannot detect
shorts

between electrodes,

which may explain behavior like 
stimulation artifacts

in EMG channels

Ortiz-Catalan et al., NEJM, 2020

Presenter Notes
Presentation Notes
It does not provide a complete picture of tissue impedance between channels
Impedances will just look the same
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We propose a method of
Cross-Channel Impedance Measurement

for monitoring implanted electrodes
with a common ground

This method:
 is system-agnostic
 requires only conventional equipment
 is computationally simple for embedded systems

Presenter Notes
Presentation Notes
Can be applied to any number of implanted electrodes sharing a common ground

Any chip with lead-off detection should suffice

Requires only linear algebra libraries
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𝑪𝑪𝑪𝑪𝟏𝟏

𝑪𝑪𝑪𝑪𝟐𝟐 𝑪𝑪𝑪𝑪𝟑𝟑

𝑪𝑪𝑪𝑪𝟒𝟒

𝑮𝑮𝑮𝑮𝑮𝑮

Presenter Notes
Presentation Notes
Not possible to simply change the location of the ground
Regardless of the complexity of the system, all current entering must leave through the ground

While it is true that all current entering the node is leaving through the ground, the current path is not direct
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Presenter Notes
Presentation Notes
This becomes even more complex with more channels
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𝑽𝑽𝟏𝟏

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖

Cross-Channel
Impedance Measurement

1) Stimulate first channel
with known current

2) Measure voltage at all 
channels

𝑮𝑮𝑮𝑮𝑮𝑮

Presenter Notes
Presentation Notes
The process for CCIM
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Cross-Channel
Impedance Measurement

1) Stimulate first channel
with known current

2) Measure voltage at all 
channels

3) Stimulate next channel
with known current

4) Measure voltage at all 
channels except previous

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏
𝑮𝑮𝑮𝑮𝑮𝑮

Presenter Notes
Presentation Notes
As a symmetric and strongly regular graph, we don’t need to re-measure previous channels



@CBPR.se Chalmers University of Technology    |    Sahlgrenska University Hospital    |    University of Gothenburg

Cross-Channel
Impedance Measurement

1) Stimulate first channel
with known current

2) Measure voltage at all 
channels

3) Stimulate next channel
with known current

4) Measure voltage at all 
channels except previous

5) Repeat

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏
𝑮𝑮𝑮𝑮𝑮𝑮
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Cross-Channel
Impedance Measurement

The current through each 
channel is described as:

𝐼𝐼𝑖𝑖𝑖𝑖 =
𝑉𝑉𝑖𝑖
𝑍𝑍𝑖𝑖

+ �
𝑗𝑗≠𝑘𝑘

𝑉𝑉𝑖𝑖 − 𝑉𝑉𝑗𝑗
𝑍𝑍𝑖𝑖𝑖𝑖

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏
Direct

impedance
Cross-channel

impedance

𝑮𝑮𝑮𝑮𝑮𝑮

Presenter Notes
Presentation Notes
Iin is either the stimulating current, or zero
May recognize as Kirchoff’s Current Law
Direct impedance: tissues directly between channel and ground
Cross-channel impedance: tissues between channels
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Cross-Channel
Impedance Measurement

The current through each 
channel is described as:

𝐼𝐼𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑖𝑖𝑌𝑌𝑖𝑖 + �
𝑗𝑗≠𝑘𝑘

(𝑉𝑉𝑖𝑖 − 𝑉𝑉𝑗𝑗)𝑌𝑌𝑖𝑖𝑖𝑖
𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏
Direct

admittance
Cross-channel

admittance

This can be written as a 
system of linear equations: 𝑰𝑰 = 𝑽𝑽𝒀𝒀 𝑮𝑮𝑮𝑮𝑮𝑮

Presenter Notes
Presentation Notes
Invert impedance to get admittance
Solving for this system of equations yields Y, which can be inverted to calculate Z

We ran some simulations on random systems
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Presenter Notes
Presentation Notes
(for purely random impedance networks)
Direct impedance in green
Cross-channel impedance in black
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Presenter Notes
Presentation Notes
Random impedances is a worst-case scenario
“Ideal” network showed errors of 3% (direct) and 7% (cross-channel)
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If a channel is broken and all 
impedances are high, 

calculations will be
more inaccurate

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏
𝑮𝑮𝑮𝑮𝑮𝑮
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If a channel is broken and all 
impedances are high, 

calculations will be
more inaccurate

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏

Removing the channel from 
the model may improve 

estimates for other channels

𝑮𝑮𝑮𝑮𝑮𝑮
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If two channels are shorted, 
they essentially act as one

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟕𝟕

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏
𝑮𝑮𝑮𝑮𝑮𝑮
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If two channels are shorted, 
they essentially act as one

𝑽𝑽𝟐𝟐

𝑽𝑽𝟑𝟑

𝑽𝑽𝟒𝟒 𝑽𝑽𝟓𝟓

𝑽𝑽𝟔𝟔

𝑽𝑽𝟖𝟖𝑽𝑽𝟏𝟏

Merging the channels may 
improve calculation accuracy

𝑮𝑮𝑮𝑮𝑮𝑮
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Cross-Channel
Impedance Measurement

 system-agnostic
 conventional equipment
 computationally simple

This method may aid in the longitudinal tracking of 
implanted electrode performance and early 

identification of electronics failures
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Questions?
earley@chalmers.se
www.EricJEarley.com

MATLAB Repository

Open Science Framework
osf.io/3h7ny/

Presenter Notes
Presentation Notes
Simulation and MATLAB code
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